A geothermal model for the area of the Val d'Agri oil fields has been obtained by an analytical procedure. The model takes into account both the temperature variation due to the re-equilibrated conductive state after thrusting and frictional heating. Input parameters include heat flow density data and a series of geologically derived constraints -thrust depth, timing of thrusting, slip rate -obtained by the integration of surface and subsurface datasets. The results of this work, representing a first attempt to reconstruct a geothermal 3D model for the Val d'Agri zone of the Basilicata region, emphasize two main regional features: (i) the isotherms relative to temperatures lower than 350 °C are roughly parallel and sub-horizontal across the whole study area, tending to deepen just along the NE-most edge of the investigated region; (ii) the isotherms relative to temperatures greater than 350 °C tend to deepen toward the center of the valley. Therefore, while the thermal structure at mid crustal depths appears to be perturbed and roughly mirroring the surface valley, the seismogenic upper crust of the study area is characterized by an unperturbed, roughly homogeneous and regular thermal structure.
INTRODUCTION
A good understanding of the geothermal gradient characterizing a region is of pivotal importance for hydrocarbon/geothermal reservoir management, as well as for further possible applications in the fields of (e.g.) subsurface CO 2 storage and nuclear waste disposal. In the particular case of the Basilicata oil fields area, an analytical definition of the geotherms is particularly relevant, both for industrial applications and for seismotectonic modelling in a region characterized by a magnitude 7 historical earthquake. In fact, the thermal state plays a fundamental role in controlling the modes of strain accommodation in the crust, which in turn controls the partitioning and distribution of seismic vs. aseismic strain.
The Val d'Agri zone is a key area for the understanding of the geological structure of the Apennines belt. The study area is not only characterized by an important historical and instrumental seismicity (Valoroso et al., 2009 (Valoroso et al., , 2011 Improta et al., 2015 Improta et al., , 2017 but also by the availability of a large amount of subsurface data deriving from oil exploration (e.g. Mostardini and Merlini, 1986; Menardi Noeguera and Rea, 2000; ViDEPi, 2010) .
The southern Apennines is part of the Alpine orogenic system, formed by the convergence of the African and Eurasian plates since the Late Cretaceous (e.g. Mazzoli and Helman, 1994; Turco et al., 2012) . The southern Apennines accretionary wedge is composed of both ocean-derived Vitale et al., 2013) and continental margin-derived tectonic units. The latter include MesozoicTertiary carbonate platform/slope successions (Apennine Platform -thickness of 6 to 8 km) and pelagic basin successions (Lagonegro), stratigraphically covered by Neogene foredeep and wedge-top basin successions (e.g. Ascione et al., 2012; Mazzoli et al., 2012) .
The detachment between the allochthonous units and the buried Apulian Platform unit is marked by a mélange zone of variable thickness, locally reaching ca. 1500 m (Mazzoli et al., 2001 . The structure at surface is characterized by low-angle tectonic contacts separating the Apennine Platform carbonates, in the hanging wall, and the Lagonegro Basin successions in the footwall (Mazzoli et al., 2008) . These tectonic contacts consist of both thrusts -in part reactivated during extensional stages -and newly formed low-angle normal faults (e.g. Mazzoli et al., 2008 Mazzoli et al., , 2014 .
The buried Apulian Platform is characterized by reversefault-related, open, long-wavelength folds that form the hydrocarbon traps for the significant oil discoveries in southern Italy . Crustal shortening ceased in the Middle Pleistocene (Patacca and Scandone, 2001) , when NE-SO oriented extension became dominant. This extension controls active and seismogenic faulting in the axial zone of the southern Apennines (e.g. Amoroso et al., 2014 Amoroso et al., , 2017 Ascione et al., 2007 Ascione et al., , 2013 Ascione et al., , 2018 Caiazzo et al., 2006; Candela et al., 2015; Cello et al., 1982 Cello et al., , 2000 Improta et al., 2017; Macchiavelli et al., 2012; Megna et al., 2005 Megna et al., , 2017 .
In this study we built a 3D model of the thermal field of Alta Val d'Agri based on the geotherms calculated at different sites along each of the sections of the grid shown in Fig. 1a . In the calculation of the geotherms we considered the tectonic superposition of the allochthonous units of the southern Apennines, completely detached from their original substratum, onto the Apulia platform (Fig. 1b) .
MATERIALS AND METHODS
The thermal consequences of overthrusting include a different distribution of the temperatures due to a new perturbed state, and an increase of temperature due to frictional heating (Molnar et al., 1983) . Moreover, thrustrelated tectonic thickening involves temperatures evolving in time from the initial perturbed state to the new steady state (reached at an infinite time).
To allow the calculation of fault-related frictional heating (Molnar et al., 1983) , we simplified the structural setting (Fig. 1b) considering only two layers, one representing the sedimentary cover and the other one the basement (Fig. 2) , and only one major SW dipping thrust fault at depth. Furthermore, we considered two thermal models to compute the geotherms, depending on whether the relevant thrust segment depth lies within the sedimentary cover layer or within the basement layer (Fig. 2) . In our analysis the sedimentary cover layer thickness (D 1 ) is computed down to the depth of the Permian-Triassic deposits, whereas h is the depth of the basement bottom.
Where thrust faulting involves the basement (Fig. 2a) , the new thermal status is computed into two parts. In the lower layer (D 1 < z ≤ h) we considered the new perturbed conductive status associated with two principal heat sources -i.e. mantle heat flow (T MH ) and radiogenic heat (T RH ) -and the additional heat source due to friction along the fault (T FH ). For the sedimentary cover (z ≤ D 1 ), we estimated the radiogenic heat increment at the bottom of this layer as a consequence of basement overthrusting in addition to the previous equilibrium status (T DH ). For this upper layer, we also added the temperature increase due to friction (T FH ) as described in Candela et al. (2015) :
TITLE OF THE CONTRIBUTION (STYLE: H status associated with two principal heat sources -i.e. mantle heat flow (TMH) and radiogenic heat (TRH) -and the additional heat source due to friction along the fault (TFH). For the sedimentary cover (z ≤ D1), we estimated the radiogenic heat increment at the bottom of this layer as a consequence of basement overthrusting in addition to the previous equilibrium status (TDH). For this upper layer, we also added the temperature increase due to friction (TFH) as described in Candela et al. (2015) :
For thrust faulting within the sedimentary cover ( Fig. 2b ), the calculated temperature is the sum of the temperatures due the new structural configuration produced by overthrusting (TSH) and frictional heating (TFH). On the other hand, in the lower layer the temperature due to radiogenic heat and mantle heat flow ( 5+ ) is increased by frictional heating (Megna et al., 2014) :
In all the relationships TS is the surface temperature, while the terms, in which time t appears, represent the trends of the temperatures that evolve in time from the initial perturbed state to the new steady state of infinite time (Molnar et al., 1983) , as followed
where Tf(z) is the final temperature of the new equilibrium status (t→∞), and K the coefficient of thermal diffusivity. The terms An and an have a different relationship depending on the heat source type (Molnar et al., 1983) and the tectonic thickening (Dz), as described in Candela et al. (2015) and Megna et al. (2017) . We considered the different thrusting depths ( ? ) and thickness along the sections, and we took into account the estimated slip rate (v = 2.0 mm/a) for the time span of activity (i.e. ca. 1. For thrust faulting within the sedimentary cover (Fig. 2b) , the calculated temperature is the sum of the temperatures due the new structural configuration produced by overthrusting (T SH ) and frictional heating (T FH ). On the other hand, in the lower layer the temperature due to radiogenic heat and mantle heat flow (T BH ) is increased by frictional heating (Megna et al., 2014) :
For thrust faulting within the sedimentary cover (Fig. 2b) , the calculated temperature is the sum of the temperatures due the new structural configuration produced by overthrusting (TSH) and frictional heating (TFH). On the other hand, in the lower layer the temperature due to radiogenic heat and mantle heat flow ( 5+ ) is increased by frictional heating (Megna et al., 2014) :
where Tf(z) is the final temperature of the new equilibrium status (t→∞), and K the coefficient of thermal diffusivity. The terms An and an have a different relationship depending on the heat source type (Molnar et al., 1983) and the tectonic thickening (Dz), as described in Candela et al. (2015) and Megna et al. (2017) . We considered the different thrusting depths ( ? ) and thickness along the sections, and we took into account the estimated slip rate (v = 2.0 mm/a) for the time span of activity (i.e. ca. 1. In all the relationships T S is the surface temperature, while the terms, in which time t appears, represent the trends of the temperatures that evolve in time from the initial perturbed state to the new steady state of infinite time (Molnar et al., 1983) , as followed 2014):
where Tf(z) is the final temperature of the new equilibrium status (t→∞), and K the coefficient of thermal diffusivity. The terms An and an have a different relationship depending on the heat source type (Molnar et al., 1983) and the tectonic thickening (Dz), as described in Candela et al. (2015) and Megna et al. (2017) . We considered the different thrusting depths ( ? ) and thickness along the sections, and we took into account the estimated slip rate (v = 2.0 mm/a) for the time span of activity (i.e. ca. 1.9 Ma; Butler et al., 2004; Mazzoli et al., 2000; Patacca and Scandone, 2001 ) and the angle of dip of the thrust fault.
We used the map of the heat flow density in Italy by Scrocca et al. (2003) and temperature data from borehole data (ViDEPI, 2010) to constrain surface heat flow in the study area. The values extracted from the regional map of Scrocca et al. (2003) have a sufficient resolution to compute the geotherms, as shown by Candela et al. (2015) . These authors In figure 3 the geotherms of the two thermal models, imposing a tectonic thickening within basement at 20 km depth and within the sedimentary cover at 8 km depth, are compared to one with no thrusting. In synthesis, the consequence of thrusting involves an increase in temperature in the area where the thrust occurs, due to frictional heating, and a lower gradient of z values, deeper than z0, due to the thermal state that has been perturbed (Fig. 3) .
The changes in temperature produced by varying the various parameters are very small, thus confirming the results of Megna et al. (2014) . In particular, variations of the 10% on slip rate, time span of activity, sedimentary cover thickness and thermal diffusivity determine temperature differences below 1.7%, whereas a change of the 5% for the surface heat flux produces temperature variations by about 10%.
RESULTS
We calculated the geotherms considering the appropriate thermal structure to apply the procedure described in the previous paragraph, and the data having the same temperature where T f (z) is the final temperature of the new equilibrium status (t→∞), and K the coefficient of thermal diffusivity. The terms A n and a n have a different relationship depending on the heat source type (Molnar et al., 1983 ) and the tectonic thickening (Dz), as described in Candela et al. (2015) and Megna et al. (2017) .
We considered the different thrusting depths (z 0 ) and thickness along the sections, and we took into account the estimated slip rate (v = 2.0 mm/a) for the time span of activity (i.e. ca. 1.9 Ma; Butler et al., 2004; Mazzoli et al., 2000; Patacca and Scandone, 2001 ) and the angle of dip of the thrust fault.
We used the map of the heat flow density in Italy by Scrocca et al. (2003) and temperature data from borehole data (ViDEPI, 2010) to constrain surface heat flow in the study area. The values extracted from the regional map of Scrocca et al. (2003) have a sufficient resolution to compute the geotherms, as shown by Candela et al. (2015) . These authors demonstrated that the temperature profiles show a good fit with those measured in oil wells. The Val d'Agri, similarly to the whole axial zone of the southern Apennines, sits in a zone characterized by a low value of surface heat flow density (Q S average of 45 mW m −2 ). Finally, we considered a value of 1.0 mm 2 s -1 for the coefficient of thermal diffusivity (k) in all time-dependent terms, and we fixed the superficial temperature T S at 15C°.
In figure 3 the geotherms of the two thermal models, imposing a tectonic thickening within basement at 20 km depth and within the sedimentary cover at 8 km depth, are compared to one with no thrusting. In synthesis, the consequence of thrusting involves an increase in temperature in the area where the thrust occurs, due to frictional heating, and a lower gradient of z values, deeper than z 0 , due to the thermal state that has been perturbed (Fig. 3) .
We calculated the geotherms considering the appropriate thermal structure to apply the procedure described in the previous paragraph, and the data having the same temperature were interpolated by means of the twodimensional minimum curvature spline technique (Fig. 4a) .
The depth of nine selected isosurfaces, ranging from 50 °C to 450 °C with a step of 50 °C, are shown in Fig. 4b . In order to facilitate reading and understanding the results, we chose a different counters step for each map, because the range between maximum and minimum isosurface depth increases with temperature. We also plotted the eleven cross-sections on top of the isosurfaces.
The changes in depth are very small for temperatures lower than 370-380 °C, showing contours at lower depths in the valley center and higher depths along the borders; in particular, the higher depths lie along the NE border. The isosurface of 50 °C attains depths varying from 1550 m to about 1800 m, whereas for the other 2D-geotherms (100-350 °C) the differences between minimum and maximum depths is of about 550 m for the 100 °C isotherm, and of 3200 m for the 350 °C isotherm.
For the 400 °C and 450 °C isotherms, the depth range of isosurfaces is remarkable, with differences of 5300 m and 8200 m, respectively. Furthermore, these latter 2D-geotherms display an opposite depth trend with respect to the others, the deeper values lying along the valley center and the depths becoming shallower towards the boundaries. The depths change gradually for sections 1-5 and 9, whereas for sections 6-8 the variation is more dramatic, as a consequence of the minimum occurring in the NE part of section 7 (Fig. 4c) . In sections 10 and 11, the isoline of 450 °C shows a very steep gradient to the SW.
DISCUSSION
We calculated the geotherms at different points along the cross-sections shown in Fig. 1a . The different depth of the main thrust fault, with the related tectonic thickening, and the various thicknesses of the sedimentary layer, produce a variable trend of the temperature with depth, which has been obtained through an analytical procedure based on the study by Molnar et al. (1983) .
Our modelling results show how the isotherms relative to temperatures greater than 350 °C deepen toward the center of the valley. On the other hand, the isotherms relative to lower temperatures are roughly parallel and subhorizontal across the whole study area (Fig. 4a, 4c ), tending to deepen only along the NE-most edge of the investigated region (Fig. 4b) . The geometry of the temperature isolines is clearly rendered by the spline interpolations of Fig. 4b .
This provides for the first time a comprehensive picture of the thermal structure of Alta Val d'Agri, which represents a key area of the Italian peninsula in terms of both active tectonics and exploitation of georesources.
CONCLUSIONS
Our thermal modeling suggests that the seismogenic upper crust of the Alta Val d'Agri is characterized by a roughly homogeneous, regular and unperturbed thermal structure.
This may bear important implications for active tectonic studies and seismotectonic modeling, as well as for the enhanced management of fractured reservoirs in oil field development and production.
On the other hand, the perturbed thermal structure at mid crustal depths, roughly mirroring the surface valley, represents an interesting outcome to be taken into account in future geodynamic analyses.
